ABSTRACT
INTRODUCTION
Despite the general agreement that distinct voltagegated Ca 2+ channels serve as the principal conduits for Ca 2+ influx into cells, thus conferring specific Ca 2+ -dependent functions, the exact role(s) of individual Ca 2+ channel subtypes remains largely unknown. Even for specific functions such as neurotransmitter release, neurons employ more than one type of Ca 2+ channel to execute this function, suggesting substantial redundancy in the nervous system (Smith and Cunnane 1997; Wu et al. 1999 ). There are three families of voltage-gated Ca 2+ channels (VGCCs) with intrafamily sequence identities above 80% (Ertel et al. 2000) and additional diversity is generated by alternative splicing of exons encoding the cytoplasmic loop of different repeats of the a subunits (Solatov et al. 1995; Lin et al. 1997 ; Kollmar et al. 1997a, b) . Genes for the voltage-gated channel Ca V 1.3 (a 1D ) are expressed throughout the nervous system and play a minor role in neurotransmitter release (Wu et al. 1999; Ertel et al. 2000) . In hair cells, however, the channel is the most abundant isoform (Zidanic and Fuchs 1995; Rodriguez-Contreras and Yamoah 2001, 2002) , suggesting distinct physiological roles in the inner ear.
Hair cells form a tonic synapse with afferent nerve terminals of the eighth cranial nerve and are poised to respond rapidly to sustained stimuli of different intensities and to transmit amplitude and frequency modalities of the stimuli (Hudspeth 1989) . The fast neurotransmitter release in hair cells relies on the voltage-and time-dependent properties of clusters of a 1D Ca 2+ channels at the release sites (RodriguezContreras and Yamoah 2001; Rispoli et al. 2001) . Moreover, the whole-cell current activates at low membrane voltages ()50 mV), has a fast activation time constant (0.5 ms), and has half-activation voltages ranging from )40 to +20 mV (Hudspeth and Lewis 1988; Zidanic and Fuchs 1995; Martini et al. 2000; Platzer et al. 2000; Rodriguez-Contreras and Yamoah 2001) . Furthermore, hair cells may express not only a 1D Ca 2+ channels alone, but several other distinct Ca 2+ channels as well, ensuring multiple Ca 2+ -dependent processes. The differential roles of distinct Ca 2+ channel subtypes in hair cells have been proposed using evidence from immunocytochemical, polymerase chain reaction (PCR), and electrophysiological techniques. Variants of Ca V 1.2 (a 1C ), Ca V 2.2 (a 1B ), and Ca V 2.3 (a 1E ) have been localized in cochlear and other hair cells (Green et al. 1996; Lopez et al. 1999; Rodriguez-Contreras and Yamoah 2001) .
To analyze the physiological role of a 1D Ca 2+ channels in hair cells, we used gene targeting to produce a 1D -deficient mice. The results of our analyses demonstrate that a 1D is crucial for hearing, but less so for maintaining balance.
METHODS

Generation of a 1D -deficient mice
Conventional gene-targeting technology was used to generate Ca 2+ channel a 1D null mutant mice (Namkung et al. 2001) . A murine Ca V 1.3 genomic DNA clone having the first two exons of the gene was isolated from a 129/SVJ mouse genomic library. The region extending from half of the 3¢ part of the first exon to half of the 5¢ part of the second exon was deleted and replaced by the IRES b-gal expression cassette and the NEO cassette. The negative selection marker, TK cassette, was inserted into the end of the 3¢ homology region of the targeting vector. The targeting vector was transfected into J1 embryonic stem (ES) cells. Chimeras were backcrossed to C57BL/6J mice. Germline transmission was determined by DNA typing of tail DNA. a 1D +/) mice were then intercrossed to obtain a 1D )/) mice. All mice analyzed were from F2 and F3 generations. Because the a 1D )/) mice were fertile, they were further intercrossed to increase the sample number of null mutants.
Gross evaluation of auditory and vestibular functions
We evaluated the ear twitch response of ten wildtype a 1D +/+ , a 1D +/) and a 1D )/) mice with a hand clap (Preyer's reflex) to grossly assess the hearing status of the three genotypes. To obtain a gross assessment of the vestibular (utricular) function of the mice, we performed a swim test. Mice were placed in a water bath at 37°C and allowed to swim and climb onto a dry platform. The swimming performance and the time taken to swim to the target were scored in a blind fashion. Seven a 1D +/+ and a 1D )/) mice each were tested. Balance was further tested using a custom-made setup as described by Xiang et al. (1997) . Mice were placed on a soft fabric-covered horizontal cylinder (7 cm in diameter) and positioned 10 cm above a foam pad. The cylinder was connected to a variable speed motor that runs from 0 to 15 rpm. Each animal's ability to balance on both the stationary cylinder and the rotating cylinder was scored. Seven a 1D +/+ and a 1D )/) mice each were tested.
Auditory brainstem responses
Twenty a 1D +/+ , 28 a 1D +/) , and 19 a 1D )/) mice (age range: 5-8 weeks old) were anesthetized with avertin and auditory brainstem response (ABR) measurements were recorded as previously described (Kozel et al. 1998; Flagella et al. 1999) . Briefly, a ground needle electrode and recording needle were placed subcutaneously in the scalp, and then a calibrated electrostatic speaker coupled to a hollow ear bar was placed inside the pinna. Broadband clicks and pure tones (8, 16, and 32 kHz) were presented in the animal's ear in 10 dB increments, starting from 0 dB SPL and ending at 100 dB SPL. The ABR sweeps were computer-averaged (time-locked with onset of 128-1024 stimuli, at 20/s) out of the continuous electroencephalographic activity. The threshold of hearing was determined as the lowest intensity of sound required to elicit a characteristic waveform.
Light microscopy of the inner ear
Light microscope analyses of the cochlea and vestibular organs of the inner ear from 5-12-week-old mice of all genotypes were studied using procedures described in Kozel et al. (1998) . The mice were deeply anesthetized with sodium pentobarbital and transcardially perfused with a solution containing 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3. The temporal bones were harvested and the inner ears were perfused with fixative through the oval and round windows and left in fixative overnight. The temporal bones were decalcified in a 0.1 M EDTA solution for 1 week. The specimens were postfixed in buffered 1% osmium tetroxide (OsO 4 ) for 1-2 h at room temperature, dehydrated in graded ethanol solutions followed by propylene oxide, and embedded in Spurr's resin. Serial sections (1-2 lm) parallel to the modiolus of the inner ears were cut and stained with toluidine blue and then subsequently coverslipped.
Scanning electron microscopy of the inner ear
Five mice from each genotype were selected for scanning electron microscope analyses. Similar to the procedures for light microscopy, the temporal bones were harvested and fixed in 2% glutaraldehyde in 0.1 M phosphate buffer saline (PBS) for 36 h at room temperature (21°C) and decalcified in 0.1 M EDTA for 5 days. The cochlea, utricle, saccule, and the semicircular canals were dissected out of the specimen and postfixed in 1% OsO 4 for 2 min. Dehydration of the specimen was carried out in a graded ethanol series. The specimens were critical-point dried from liquid CO 2 , sputter-coated with gold-palladium, and examined in a scanning electron microscope (Philips XL30). Digital images were captured and stored in a personal computer interfaced with the microscope.
Distortion product otoacoustic emissions (DPOAE)
Mice were anesthetized with ketamine (95 mg/kg) and xylazine (4 mg/kg). The f 1 and f 2 primary tones were generated by a 2-channel frequency synthesizer (Hewlett Packard 3326A), presented over two tweeters (Realistic), and delivered through a small soft rubber probe tip. Ear-canal sound pressure was measured with a commercial acoustic probe (Etymotic Research 10B + ). The ear-canal sound pressure was sampled and synchronously averaged (n = 8) by a digital signal processor for frequencies <20.1 kHz, and by a dynamic signal analyzer (Hewlett Packard 3561A) for frequencies >20.1 kHz. DF-grams were collected over a range of geometric mean frequencies between 5.6 and 48.5 kHz (f 2 = 6.3-54.2 kHz), in 0.5-octave intervals at stimulus levels of L 1 = L 2 = 65 dB SPL, with f 2 /f 1 = 1.25.
Whole-cell recording of Ba 2+ currents
Standard patch-clamp recording techniques were used to record whole-cell currents to study the Ba 2+ currents in cochlear and utricular hair cells in intact sensory epithelia. Utricles and cochleae were excised from young wild-type (+/+) and homozygous mutant ()/)) mice between postnatal days 1-10, as described in previous reports (Rü sch and Eatock 1996; Holt et al. 1997; Moser and Beutner 2000) . All chemicals were obtained from Sigma Chemical Co. (St Louis, MO), unless indicated. Mice were sacrificed by cervical dislocation and decapitation. The sensory epithelium was removed from each inner ear while immersed in MEM solution (GIBCO, pH 7.4 with 10 mM HEPES: Gaithersburg, MD). The bony labyrinth was opened, and once the epithelium of interest was exposed, the tissue was treated with protease XXVII (100 lg/ml, 15 min). The surrounding extraneous tissue and nerve were trimmed away and the sensory epithelium was then mounted on a recording chamber with CellTak (Collaborative Biomedical Products, Bedford, MA). The mounted epithelia were placed under an upright Olympus compound microscope (IX50 , 5 EGTA, 10 HEPES, 3 ATP, 1.5 GTP, pH 7.4 (CsOH). Thus, outward K + currents were suppressed with 4-AP, TEA, Cs + , and the nonpermeant cation NMG. Stock solutions of Bay K 8644 (Bay K: Calbiochem, La Jolla, CA) and nimodipine (Calbiochem) were dissolved in 100% dimethyl sulfoxide (DMSO). The final concentrations of Bay K and nimodipine were 10 and 20 lM, respectively. Patch-pipettes (1.5 mm o.d. and 1 mm i.d.) were pulled from borosilicate glass using the horizontal puller, P87 (Sutter Instrument, Novato, CA). Patch electrodes had 2-5-MX tip resistances when filled with the pipette solution. Recordings were done using an Axopatch 200B patch-clamp amplifier interfaced with a personal computer equipped with pClamp software (Axon Instruments, Foster City, CA). Currents were filtered at 2 kHz and sampled at 10 kHz. Leakage and capacity currents were subtracted using the p/4 method. Data analyses were performed using the pClamp and Origin software (MicroCal Inc., Northampton, MA). Where appropriate, pooled data were presented as means ± SD.
Significant differences between groups were tested using Student's t-test [data with p > 0.05 were considered not significant (NS)].
RESULTS
Hearing defect and normal balance in a 1D
)/ ) mice
The gene encoding the murine a 1D Ca 2+ channel was deleted and replaced with the IRES b-gal expression and NEO cassettes in a manner described recently (Namkung et al. 2001) . Consistent with auditory phenotypes of a 1D null mutant mice reported by Platzer et al. (2000) , the homozygous mutant mice showed no motor response to auditory stimuli (Preyer's test) which is suggestive of hearing impairment. To test the hypothesis that null deletion of a 1D Ca 2+ channels might alter hearing sensitivity, ABRs were analyzed to determine the sound pressure levels at which typical ABR waveforms could be detected. The wild-type mice exhibited the characteristic ABR waveform beginning at sound pressure levels of 30, 25, 10, and 16 dB using broadband clicks and pure tones of 8, 16, and 32 kHz stimuli (Fig. 1A) . The a 1D +/) yielded elevated thresholds for broadband clicks and 8 and 16 kHz pure tones (mean threshold; clicks: a 1D +/+ = 34 ± 5 dB (n = 20), a 1D +/) = 44 ± 7 dB (n = 28), p < 0.01; 8 kHz: a 1D +/+ = 26 ± 6 dB (n = 20), a 1D +/) = 31 ± 7 dB (n = 28), p < 0.05; 16 kHz: a 1D +/+ = 7 ± 4 dB (n = 20), a 1D +/) = 11 ± 6 dB (n = 28), p < 0.01. However, at 32 kHz, the thresholds for ABR waveforms were not significantly different (mean threshold; 32 kHz: a 1D +/+ = 16 ± 6 dB (n = 20), a 1D +/) = 18 ± 6 dB (n = 28), p = 0.3 NS: Fig. 1B) . In contrast, all a 1D )/) mice (n = 19) exhibited no response as measured by ABR, even up to the maximum sound pressure level (100 dB) of acoustic stimulation (Fig. 1A) .
Because a 1D Ca 2+ channels are expressed in hair cells in the inner ear (Green et al. 1996; Lopez et al. 1999) , we also performed gross assessment of the vestibular phenotype of mutant mice compared with their age-matched littermates. We utilized two quantitative tests: first, setting criteria for time required to swim to a dry platform and, second, for the mice to balance on both a stationary and a rotating cylinder ( Fig. 2A, B) . As shown in Figure 2C , a 1D +/+ and a 1D )/) mice yielded similar scores for the swim and balance tests. The apparent lack of balance deficit implied normal functioning of both the utricle and semicircular canals, even in the absence of a 1D Ca 2+ channels.
Histology of the inner ear
In adult a 1D +/+ mice, the organ of Corti consists of an arrangement of 3 rows of outer (OHC) and 1 row of inner (IHC) hair cells bearing highly organized and tall stereocilia bundles. These hair cells, in turn, are flanked by the supporting cells covered with shorter irregular microvilli. To determine if null deletion of a 1D Ca 2+ channels altered the morphology of hair cells, the organ of Corti was exposed by removing the tectorial membrane and examined by scanning electron microscopy (Fig. 3) . In a 1D +/+ mice, the organ of Corti showed normal architecture of the row of IHCs and OHCs along the apical (Fig. 3A) and basal ( Fig. 3C) turns of the cochlea. In contrast, the apical turn of the organ of Corti in a 1D )/) mice was devoid of typical rows of stereociliary bundles, with the apical modifications consisting instead of scattered patches of hair bundles and flanking sheets of supporting cells (Fig. 3C) . Hair bundles of the IHCs remained normal in all turns of the cochlea in both a 1D +/+ and a 1D )/) mice ( Fig. 3A-D) . Moreover, at the basal turn of the cochlea, the a 1D )/) mice appear to have morphologically intact OHCs (Fig. 3D) . These findings are in sharp contrast with earlier reports that indicated complete degeneration of IHCs and OHCs in 5-week-old a 1D )/) mice. (Platzer et al. 2000) based on light microscopy analysis alone. Although there appears to be gradual degeneration of hair bundles of OHCs extending to the base of the cochlea in an agedependent manner in the a 1D )/) mice, we continued to observe intact OHCs at the basal turn of the cochlea even in 15-week-old homozygous mutant mice (data not shown). Direct comparison of the a 1D
)/) and a 1D +/+ mice was complicated by the fact that the background C57BL/6J wild-type mice experienced age-induced hearing loss beginning at 12 weeks, accompanied by OHC loss at the basal turn (Henry and Chole 1980). Nonetheless, it is clear from our studies that the effects on OHC morphology induced by a 1D Ca 2+ channel deletion were mostly restricted to the apex of the cochlea. Consistent with the lack of a balance defect in the a 1D )/) mice, the hair bundles of the utricle (Fig. 3E, G) and saccule (Fig. 3F, H) were morphologically indistinguishable from those of the a 1D +/+ mice. Degeneration of hair bundles of OHCs at the apical turn may represent an isolated and local defect. However, the absence of characteristic ABR waveforms in a 1D )/) mice ( Fig. 1) could signify a general alteration of cochlear structure. To disentangle these possibilities, 2-lm serial sections of the inner ear stained with toluidine blue were analyzed. The panels in Figure 4 show that the cochlear ducts of 6-week-old a 1D )/) mice exhibit no aberrations in the overall organ of Corti architecture, in the partitioning by the Reissner's membrane (RM), or in the stria vascularis (StV) morphology. They do, however, differ from a 1D +/+ cochlea in the absence of tufts of hair bundles at the apical turn; note that the cell bodies of OHCs can be clearly seen at the apical (Fig. 4A, D) as well as the basal (Fig. 4C, F) turns in wild-type and mutant cochleae. Another difference observed in the a 1D )/) cochlea was a marked reduction in the number of neurons and myelinated fibers in some regions of the spiral ganglion (Fig. 4E, F) . These results are consistent with data from ultrastructural analysis of the inner ear of a mouse model similar to one used in this study (Glueckert et al. 2003) . In agreement with the scanning electron microscopy of the vestibular system from a 1D )/) and a 1D +/+ mice, light microscopy analyses of sections of the saccule (Fig. 5A, D ) and cristae ampullaris (Fig. 5C , F) revealed no apparent histopathology. Hair cells, supporting cells, and the innervation of the epithelia in the wild-type and mutant mice appear normal. The otolithic membrane and its associated otoconia were present above the macula in each compartment. a 1D )/) mice yielded little or no DPOAEs at low frequencies compared with a 1D +/+ and their a 1D +/) littermates. However, at 20-48 kHz, a 1D )/) mice produced low but moderate-level DPOAEs that were not different from distortion products from the a 1D +/+ and a 1D )/+ mice (Fig. 6) . These results suggest that the etiology of hearing deficits in a 1D )/) mice may result entirely from OHC malfunction.
Whole-cell Ba
2+ currents in cochlear and utricular hair cells A major portion of whole-cell Ca 2+ currents in hair cells is derived from the a 1D dihyropyridine-sensitive Ca 2+ channels (Kollmar et al. 1997a; Zidanic and Fuchs 1995) , consistent with the possibility that a 1D Ca 2+ channel deficiency might cause deafness and imbalance. Whole-cell Ba 2+ currents (I Ba ) were measured in 1 mM Ba 2+ from IHCs and OHCs from the apical and basal turns of the cochlea (P1-2) by suppressing outward K + currents with TEA, Cs + , and NMG (see Methods section). The mean peak I Ba recorded immediately after establishing whole-cell configuration was 175 ± 30 pA (n = 35), followed by a rapid (45 s) rundown to 115 + 15 pA (n = 35) where it stabilized. Only data from cells that showed stable recordings after 1.5 min of establishing wholecell configuration were reported. In addition, the effects of nimodipine were documented after 1.5 min of application. These criteria were extremely important in establishing and disentangling current rundown from drug-induced effects on the I Ba currents in hair cells. The I Ba recorded from IHCs and OHCs was reduced by the application of 20 lM nimodipine. The passive properties of the cells were monitored and cells with significant alterations of the input resistance were voided (Rodriguez-Contreras and Yamoah 2001). Representative traces of I Ba recorded from IHCs and OHCs from a 1D +/+ mice are shown in Figure 7A . The whole-cell currents were activated from a holding potential of )60 mV to a test potential of )10 mV. The effects of nimodipine on I Ba (Fig. 7A) from the cochlear apical turn in a 1D +/+ mice included a different level of expression of a non-L-type current [IHC control peak current: X = )125 ± 10 pA (n = 9); nimodipine: X = )19 ± 2 pA (n = 9), a reduction of 85% of the whole-cell current; OHC control peak current: X = )105 ± 5 pA (n = 7); nimodipine: X = )4.0 ± 0.5 pA (n = 7), a reduction of 96% of the whole-cell current]. The current-voltage relationship shown in Figure 7B re- vealed the presence of a residual current resistant to nimodipine block, consistent with reports that demonstrate the presence of non-L-type Ca 2+ channels in hair cells (Platzer et al. 2000; Rodriguez and Yamoah 2001) . In contrast to IHCs, OHCs that were sampled at the apical turn of the cochlea expressed disproportionately increased levels of nimodipine-sensitive currents (upper right panel, Fig. 7A ). In addition, the peak current density of IHCs (26.7 pA/pF) was 1.5 times larger than in OHCs (16.7 pA/pF) at the apical turn of the cochlea. As shown in Figure 7A , whole-cell inward currents recorded from IHCs of the apical cochlear turn of a 1D )/) mice, using 1 mM Ba 2+ was the charge carrier, reliably revealed the presence of currents that were insensitive to Bay K (10 lM), in accordance with the expression of a non-L-type current [control peak current: X = )26 ± 4 pA (n = 6); Bay K: X = )25 ± 5 pA (n = 7); p = 0.9, NS]. However, the lack of appreciable current in OHCs at the apical turn in a 1D )/) mice [<5 pA (n = 6), Fig. 7A , B] suggested that the L-and non-L-type channels may be expressed differentially in the cochlea. To determine whether such differential expression of Ca 2+ currents occurs along the longitudinal axis of the cochlea, we analyzed the current density (ratio of the peak current/cell capacitance: pA/pF) of I Ba from IHCs and OHCs found in the basal turn of the cochlea. Application of nimodipine reduced I Ba from hair cells at the basal turn of the cochlea from a 1D +/+ mice by 80% [control peak current density in IHCs (pA/pF): X = )24.2 ± 4.3 (n = 6); nimodipine: X = )4.6 ± 2.1 (n = 6); p < 0.01; control peak current density in OHCs: X = )13.8 ± 2.5 pA (n = 7); nimodipine: X = )3.5 ± 1.8 (n = 7); p < 0.01]. Recordings from hair cells at the basal turn of the cochlea of a 1D )/) mice were consistent with the presence of 20% of non-L-type currents in IHCs [control peak current density in IHCs (pA/pF): X = )4.8 ± 2.1; Bay K: X = )4.7 ± 2.4 (n = 6); p = 0.5, NS]. Moreover, unlike the OHCs in the apical turn of the cochlea, the non-L-type current was substantial [control peak current density in OHCs (pA/pF): X = )3.5 ± 1.2; Bay K: X = )3.6 + 0.8 (n = 7); p = 0.3, NS]. The group data for the current density and the effects of nimodipine on IHCs and OHCs from the basal cochlea are shown in Figure 7C . Thus, differential expression )/) , the hair bundles were absent in the serial sections of the cochlea. More severely affected regions at the apex show fewer identifiable OHCs. However, the IHCs at the apex remain relatively intact in the mutant (D). OHCs and IHCs at the base of wild-type and mutant cochlea were normal. Schwann cells and myelinated nerve fibers that fill Rosenthal's canal (R) in the modiolus remain intact in both a 1D +/+ and a 1D )/) cochlea. Spiral ganglion (G) neuronal cell bodies were reduced in number in some mutants (E,F). Analysis of random cell counts shows that neuronal cell bodies in G were 20 less in a 1D )/) compared with a 1D +/+ . Otherwise, the typical architecture of the organ of Corti remains intact in both the wild-type and mutant mice. L, S, SM, ST, SV, T, DC, and TM respectively denote limbus, stria vascularis, scala media, scala tympanic, scala vestibuli, tunnel of Corti, Deiters' cells, and tympanic membrane. Scale bar: 90 lm in A, 75 lm in B-F.
of the Ca 2+ channels in cochlear hair cells may be prevalent at the apical turn.
We also investigated the effects of the dihydropyridines on utricular hair cells. The effects of nimodipine on I Ba from hair cells from the utricle of a 1D
)/) mice show that nearly 50% of the current was resistant to the drug [control peak current (pA): X = )107 ± 11; nimodipine: X = )52 ± 16 (n = 9), Fig. 8A , B]. The data were obtained from the peak current elicited at )10 mV. An example of the effect of nimodipine on wild-type utricular hair cells and the effect of Bay K (10 lM) on the mutant I Ba traces is shown in the lower panel of Figure 8A . The data were further corroborated by the measurement of a robust I Ba from utricular hair cells from the a 1D )/) mice (62 ± 6 pA; n = 7), consistent with the differential expression of Ca 2+ channel subtypes in hair cells from the vestibule and the cochlea. Thus, deletion of the channel subtype imparts a functional-specific deficiency as opposed to complete disruption of all hair cell activity.
DISCUSSION a 1D
)/) mice were generated to better understand the physiological functions of this particular Ca 2+ channel isoform in hearing and balancing. The most robust feature of the a 1D )/) mice was deafness and increased thresholds for audiological response to sound in the heterozygote littermates, which was restricted mainly to low-frequency sounds. A completely unexpected finding was that the hearing loss was not associated with gross structural changes in IHCs, suggesting that a 1D Ca 2+ channels play a minimal role (n = 6) were tested measuring the levels of the 2 f 1 ) f 2 DPOAE over a geometric-mean frequency range from 5.6 to 48.5 kHz, using an f 2 /f 1 of 1.25, and primary tone stimuli at L 1 = L 2 = 65 SPL. Clearly, a 1D )/) mice yielded no significant DPOAEs at low frequencies (5-15 kHz) compared with a 1D +/+ and a 1D +/) mice. However, at 20-48 kHz, a 1D )/) produced modest DPs.
in maintaining IHC morphology. The findings that the OHCs at the apical turn of the cochlea expressed mostly the nimodipine-sensitive Ca 2+ currents (>95%: a 1D Ca 2+ channels) and that hair cells in this region of the cochlea degenerated in a 1D -deficient mice may indicate that Ca 2+ is required for the maintenance of OHC morphology. Other Ca 2+ channel subtypes are known to be present in hair cells and they carry a residual current following block by nimodipine. Although this nimodipine-insensitive current in IHCs in a 1D )/) mice may sustain the cellular architecture, the current may not be sufficient to mediate adequate neurotransmitter release to confer hearing. In contrast, the results for hair cells in the vestibule indicate that the non-a 1D Ca 2+ channels may be sufficient in maintaining both the structure and functions of the cells. Although gross assessment of the vestibular function suggested that the a 1D )/) mice have no vestibular defect, a more direct diagnosis of vestibular function may be required. Nonetheless, we infer that differential expression of diverse Ca 2+ channel subtypes in hair cells of the inner ear helps explain the balance and auditory phenotypes of the a 1D Ca currents in hair cells at the apical turn of the cochlea (IHC, n = 9; OHC, n = 7). C. In contrast to OHCs at the apical turn, there were substantial residual currents following the application of nimodipine (20 lM) on OHCs at the basal turn of the cochlea. Group data of Ba 2+ current densities shown in a bar graph from IHCs (n = 6) and OHCs (n = 7) at the basal turn of the cochlea in a 1D +/+ and a 1D )/) mice.
ever, recent reports have demonstrated that hair cells in lower vertebrates and mammals do express nimodipine-insensitive Ca 2+ currents (Su et al. 1995; Martini et al. 2000; Platzer et al. 2000; RodriguezContreras and Yamoah 2001) . Although the functions of the non-L-type current remain unclear, their voltage-dependent properties suggest a possible function in tonic release of neurotransmitters (Martini et al. 2000; Rodriguez-Contreras and Yamoah 2001) . Measurements of hair cell capacitance as an index for exocytotic release of neurotransmitters from hair cells have shown that the nimodipine-sensitive component of the whole-cell Ca 2+ (L-type) current plays a marked role in phasic neurotransmitter release. Moreover, the functions of non-L-type current may be obscured by its baseline activity and minimal contribution toward the hair cell Ca 2+ current (Moser and Beutner 2000; Spassova et al. 2001) . A more sensitive method for resolving neurotransmitter release, such as postsynaptic recordings, may be required to determine the contribution of the non-L-type current (von Gersdorff et al. 1998; Spassova et al. 2001) . Nonetheless, the in vivo and in vitro results presented strongly indicate that the a 1D Ca 2+ channel is critically required for hair cell functioning and hearing.
Our findings on the properties and expression patterns of the L-type current in IHCs and OHCs are consistent with previous reports using hair cells from frog ( . The activation threshold (50 mV), rapid onset (time-to-peak = 1 ms), and slow inactivation of the nimodipine-sensitive current are reminiscent of those previously described in cochlear and vestibular hair cells. Similar to wholecell Ca 2+ currents in other hair cells, the expression pattern is heterogenous. Our observations add significantly new findings, which demonstrate that for OHCs, the contribution of the non-L-type current toward the total Ca 2+ current increases along the axis of the cochlea with cells at the apical turn expressing little non-a 1D channel current and those at the basal turn expressing 15% of the non-L-type current. Because OHCs at the basal turn of the cochlea have sufficient non-L-type current and retain their gross cellular morphology and because the cells at the apical turn virtually lack the non-L-type Ca 2+ current in the a 1D )/) mice, hence having little Ca 2+ influx leading to OHC degeneration, the possibility that the non-L-type Ca 2+ channel in hair cells may play housekeeping roles in addition to other cell-specific functions is raised. Furthermore, synaptic connections between OHCs and afferent nerve terminals are physiologically silent (Robertson and Gummer 1985) . Thus, the L-type current is not expected to play an obvious role in neurotransmitter release. Moreover, there are a plethora of physiological activities in cells which require Ca 2+ as a second messenger (Fuchs 1996) .
At the macroscopic level, the results of the present studies are similar to recent data from a 1D null mutant mice published by Platzer et al. (2000) . However, our extension of the previous studies revealed important differences at the microscopic level. Serial sectioning of the entire cochlea at the light microscope level and scanning electron microscopy clearly showed that only the OHCs at the apical turn of the cochlea degenerate in 5-7-week-old a 1D )/) mice. This is in sharp contrast to an earlier report that both IHCs and OHCs degenerated after P14 (Platzer et al. 2000) . Although the previous report may reflect genuine differences between the two models, it is likely that evaluation of different planes of sections without complete serial reconstruction led to the earlier results (Platzer et al. 2000) . Thus, our findings confirm the earlier report that a 1D Ca 2+ channel knockout mice have hearing impairment despite apparent normal IHC morphology. We have extended the scope of these studies to demonstrate that with the exception of OHCs at the apical turn of the cochlea which degenerate, cochlear hair cells do remain intact in the a 1D )/) mice. Finally, neurotransmitter release by hair cells onto afferent nerve terminals of the vestibular nerve is mediated by Ca 2+ entry via presynaptic VGCCs. Although the nimodipine-sensitive Ca 2+ current contributes substantially to the VGCC in vestibular hair cells (Hudspeth and Lewis 1988; Prigioni et al. 1992; Martini et al. 2000; Rispoli et al. 2001) , our behavioral and electrophysiological analyses of the vestibular system of the a 1D )/) mice show that in addition, there is a non-nimodipine-sensitive current. In contrast to the auditory system, the vestibular hair cells employ multiple VGCCs that mediate neurotransmitter release to ensure proper balance. Hair cells in both the cochlea and the vestibule share common morphological and functional traits that are usually difficult to disentangle. Thus, the differential expression and functions of Ca 2+ channel isoforms in vestibular and cochlear hair cells will ultimately constitute an invaluable functional and molecular biological tool to study the two systems in isolation.
